Abstract. The industry-wide biopharmaceutical (i.e., biologic, biotherapeutic) pipeline has been growing at an astonishing rate over the last decade with the proportion of approved new biological entities to new chemical entities on the rise. As biopharmaceuticals appear to be growing in complexity in terms of their structure and mechanism of action, so are interpretation, analysis, and prediction of their quantitative pharmacology. We present here a modeling and simulation (M&S) framework for the successful preclinical development of monoclonal antibodies (as an illustrative example of biopharmaceuticals) and discuss M&S strategies for its implementation. Critical activities during early discovery, lead optimization, and the selection of starting doses for the first-in-human study are discussed in the context of pharmacokinetic-pharmacodynamic (PKPD) and M&S. It was shown that these stages of preclinical development are and should be reliant on M&S activities including systems biology (SB), systems pharmacology (SP), and translational pharmacology (TP). SB, SP, and TP provide an integrated and rationalized framework for decision making during the preclinical development phase. In addition, they provide increased target and systems understanding, describe and interpret data generated in vitro and in vivo, predict human PKPD, and provide a rationalized approach to designing the first-in-human study.
INTRODUCTION
The growth of biopharmaceuticals (BPs) over the last 20 years has indeed been nothing short of remarkable. In latestage development, by 2006, there were 111 unique BPs for 190 indications in 38 disease categories (1) . In 2009, four monoclonal antibodies (mAbs) gained FDA approval, the highest annual number in over a decade (2) . In 2010, of the 21 molecular entities that gained approval, six were biologics (3) . By the same year, a total of more than 20 therapeutic antibodies were approved and more than 200 were in development (4) . The rise in the proportion of biologics to small-molecule approvals may well be attributed to the advent of technologies that have enabled the engineering of a wide range of targeted biological modalities. In addition to mAbs, antisense oligonucleotides, therapeutic genes, recombinant and DNA vaccines, and antibody-drug conjugates are expanding the industry-wide BP pipeline (5, 6) .
As BPs are growing in complexity in terms of their structures and mechanisms of action, so are interpretation, analysis, and prediction of their pharmacokinetic (PK) and pharmacodynamic (PD) properties, collectively, pharmacokinetic-pharmacodynamic (PKPD). Unlike what is typically seen for small-molecule compounds, the PK of BPs can be significantly affected by the PD, i.e., target kinetics, abundance, affinity, and depletion or accumulation, etc. Those confounding variables necessitate mechanistic models to describe their PKPD properties. For example, beyond phenomenological models, systems biology (SB) and systems pharmacology (SP) models may be needed to describe and predict their behavior. Undoubtedly, the use of model-based analysis from early discovery leading to the design of the firstin-human (FIH) study is crucial for rationalized decision making during the drug discovery and development process. Thus, data and mechanistic information collected from various in vitro and in vivo experiments at all stages of preclinical development can, and perhaps should be, compiled into an integrative and quantitative framework. PKPD and SB/SP, collectively modeling and simulation (M&S), is arguably the best available tool to achieve this goal.
The objective of this manuscript is to present an introductory overview of a model-based framework for the successful preclinical development of mAbs (as an illustrative example of BPs) and discuss M&S strategies for its implementation. For the purpose of this manuscript, the term "preclinical" includes early discovery stages leading to the design of the FIH study. For simplicity, our use of the term "biopharmaceuticals" may be synonymous with others such as "biologics" and "biotherapeutics." Fig. 1 is an integrated framework for modelbased drug discovery for mAbs. The steps in the diagrams are meant to be taken in a continuum rather than strongly demarcated, since knowledge and model building would naturally progress as new data are collected along the R&D process with time. In early discovery, bona fide SB approaches may be used to reconstruct the molecular pathway of the target and aid the understanding of the target biology, in addition to supporting target identification, validation, and selection. This is also a stage at which building a physiologically based PK (PBPK) model could begin in conjunction with target system or pathway models to improve the understanding of mAb distribution, especially if tissue localization of the target is important.
A M&S FRAMEWORK FOR PRECLINICAL DEVELOPMENT OF mAbs

Depicted in
During lead optimization, SP, which, for the purpose of this framework, may include mechanistic PKPD, becomes prominent (7) . At this stage, heavy emphasis is placed on the in vivo PKPD properties of the lead candidate almost necessarily in an animal model of disease (AMD). When feasible, the systems or PBPK model developed in early discovery should be incorporated into the pharmacology understanding. Next, translational pharmacology becomes essential at the transitional phase between candidate selection and FIH (8) . At this stage, the scaling of the PK and PD from animals to human using a model-based approach with no adverse effect level (NoAEL) and minimally anticipated biological effect level (MABEL) (if needed) considerations is used to guide decisions on the starting as well as escalating dose decisions in the FIH study. Agoram et al. in a recent review discusses some modeling examples performed at the translational pharmacology stage (9) . The rest of the sections in this review will be devoted to expanding the discussion of this framework and concepts related to mAb development in the preclinical setting.
SYSTEMS BIOLOGY MODELING
Applications of SB to improve decision making in the drug development setting have previously discussed (10, 11) . At the very early stages of drug discovery, emphasis on selecting and validating the drug's target can be more useful than immediately focusing on the drug's properties simply because a drug with the best PK and safety profiles would not succeed in the clinics if the intended target is irrelevant to modifying the disease state. Thus, SB-assisted target validation is a crucial part of early drug discovery. New technologies, e.g., functional mapping, have been suggested to integrate DNA-level changes or genetic information with PKPD approaches and systems biology (12) . SB can be applied which integrates the network connectivity with the system dynamic considerations. As an additional general consideration, computational strategies, such as SB models, allow optimizing the choice of target knockdown Fig. 1 . Summary of the model-based preclinical development framework for biopharmaceuticals. Boxes with dotted lines represent modeling and simulation specific activities ideally implemented during preclinical development technologies. In particular, they may allow choosing an optimal knockdown location to minimize morbidity and mortality in the experimental animal (13) . A notable example of the use of SB to test pharmacological targets in a biological system can be seen in the work of Wangorsch et al. (14) . Through experimental data, literature, and database mining, Wangorsch and colleagues built an in silico model of cyclic nucleotide signaling and tested its signaling sensitivity. From this example, one can identify several methodological elements of SB model testing relevant to the drug discovery setting: (1) testing a target's sensitivity in terms of concentration (dose) response, (2) testing the effect of various effectors (i.e., inhibitors, activators (antagonists, agonists), or drug combination), and (3) evaluating the target under the conditions of permanent and transient perturbations. As listed in Fig. 1 , such testing through a validated SB model would provide deep biology understanding, target validation, and selection and early biomarker identification in the early discovery stage.
PHYSIOLOGICALLY BASED PHARMACOKINETICS
PBPK modeling for mAbs was reported as early as 1986 by Covell et al. (15) . A recent review of PBPK modeling for macromolecules can be found in Thygesen et al. (16) . Once the target is selected and validated, the emphasis may then be to optimize the mAb's properties, albeit some of this effort may have already been underway or happening in parallel. During the SB/SP phases ( Fig. 1) , beyond the basic assessment of PK, time may be afforded to build a PBPK model to gain a better understanding of the mAb's tissue distribution characteristics (16) (17) (18) . Such a model could assist in determining whether the mAb is adequately exposed to the intended tissue or site of action. In addition, such a model could help evaluate the compound's safety profile if a certain extent of exposure to a particular tissue is a cause for safety concern. PBPK models have been used to characterize distribution of antibodies in a variety of model systems (19, 20) . As accounted for in the above references, critical components dictating the clearance of mAbs such as the influence of FcRn binding and target-mediated disposition should be accounted for in order to improve the predictability of the tissue PK data. Conceivably, mAb selection and optimization may be performed to improve its PK properties on the basis of FcRn affinity. The PBPK model developed by Garg and Balthasar (19, 20) may be used to run simulations conditional on FcRn affinity for a range of mAbs.
A resonating example of mAb PBPK can be seen in the work of Davda et al. who constructed a PBPK model for the CC49 mAb to predict not only its biodistribution in various tissues but also in the tumor compartment which was the intended site of action (21) . The model gave insights into the factors affecting mAb uptake and accumulation into the tumor tissue. The rate and extent of tumor CC49 mAb accretion was determined to be a variable affected by the rate of transcapillary transport. In the drug discovery setting, those important results are a starting point of consideration for optimizing compound's physiochemical properties to have the right range of transcapillary transport rates and, thus, favorable tumor uptake profiles. Another benefit of having a PBPK model is that it may be scalable from mouse to human. When such a model accounts for mAb distribution at the tumor tissue (intended site of action), an initial projection of human tumor uptake may be made with reasonable assumptions.
A consideration with regard to the application of PBPK modeling during early discovery is its integration with PD. The next step following the PBPK model development is, if feasible, to link predicted tissue levels to PD endpoints. PBPK-PD models are indeed attractive as multi-scale models since (at least for drug distribution) the principle governing their scaling among species have been intensely studied. On the other hand, PD considerations are relatively new in the context of these models.
PKPD RELATIONSHIP IN THE ANIMAL MODEL OF DISEASE
Once a certain level of confidence has been established for the target biology as well as an initial assessment of the mAb properties, building a definitive PKPD relationship in the AMD becomes important. This work, which may begin once the target has been validated, becomes increasingly important throughout the lead optimization phase and, therefore, the SP modeling phase. The success of M&S approaches heavily depends on the selection of the appropriate preclinical AMD and quantitative M&S may help select and improve it. In addition to insufficient understanding of the underlying target biology, poorly predictive preclinical animal models are undoubtedly an additional cause of compound attrition during clinical development. At a fundamental level, models used for establishing PKPD relationship for mAbs are similar to those used for the traditional small-molecule drugs.
Important components of an animal model are its selectivity, reproducibility, and translatability to the human disease. For example, in the CNS area, transgenic mouse models of Alzheimer's disease have been successfully used in drug discovery programs (22) . However, in vivo models for cancer have been poor predictors of human efficacy (23) . Possible success criteria appear to be the extent of the similarity to the human disease and validation and integration of appropriate biomarkers into the translation between the animal model and human (24) . In the modeling and simulation effort, the integration of a translatable biomarker as part of the PD model is perhaps one of the most fruitful efforts during the stages of translational pharmacology.
Of particular relevance to M&S in the drug discovery setting is the application of a disease progression model for the AMD. This type of model can be seen in Liu et al. (25) who developed a combined PKPD and disease progression model to evaluate the effect of anakinra in collagen-induced arthritic rats and to explore the effect of interleukin-1β in rheumatoid arthritis. Having a combined PKPD and disease progression model in a validated AMD may be an ideal situation as it allows for an integrated understanding of exposure, response, and disease progression in a single system and reduces uncertainty and variability in the translation.
MODELING CONSIDERATIONS FOR SURROGATE mAbs
When the lead mAb is not cross-reactive with the animal target, the AMD may not be appropriately tested. Crossspecies variants in the epitope are important reasons for the lack of recognition between the clinical candidate and the antigen of lower species. Knowledge of cross-species conservation of an epitope, therefore, may be valuable to assist the selection of an AMD. In the preclinical setting, a common way to get around the lack of cross-reactivity is to generate a surrogate mAb which has similar affinity and functional activity for the target in the animal model as the lead mAb has for the human target. The surrogate mAb can be used preclinically to confirm efficacy and establish a PKPD relationship. In addition, it may help with the early assessment of safety (26) .
From a methodological standpoint, developing a PKPD model for the surrogate mAb should be similar to that for the clinical candidate (had it been cross-reactive with the animal target). However, the issue which has not been well tackled across the industry is how to translate the PKPD model of the surrogate mAb to the clinical candidate and eventually to human PKPD. Examples of this type of translational pharmacology are not readily found in the literature. Notwithstanding, one common thread between the surrogate and the clinical candidate is the difference or similarity with the surrogate mAb's affinity. This means that a PKPD/SP model incorporating receptor affinity which will later be integrated into the translational scheme is a sound approach.
MODELING NONLINEAR PK PROFILES OF mAbs
Basic PKPD characteristics of mAbs have been extensively reported (27) (28) (29) (30) . Of important considerations for modeling is the potential nonlinearity of the PK of mAbs attributable to target-mediated drug disposition (TMDD). "TMDD models" describing the nonlinear PK data associated with TMDD have been well described and widely implemented (31) (32) (33) (34) . In summary, in addition to catabolic clearance, mAbs can be cleared following target binding. As depicted in Fig. 2 , the steps for this pathway would typically include: (1) binding and formation of mAb-target complex, (2) internalization of mAbtarget complex in endosomes, (3) displacement of mAb-target complex and degradation in lysosomes, and (4) recycling of the target to the cell surface. TMDD occurs more frequently for mAbs bound to cell surface targets although mAbs bound to soluble targets may have PK profiles similar to TMDD as a result of complex formation and complex degradation through macrophage engulfment (27) . TMDD may result in nonlinear PK profiles with volume and in clearance decrease with increasing dose (31) .
As the above description implies, TMDD is a drug systems phenomenon. Thus, a model describing this process should justifiably be of SP in nature. As listed in Fig. 2 , model building under the "full" TMDD model construct involves the integration of several essential SP components: (1) the in vivo PK which involves the catabolic clearance (k el ) and distributional parameters (k 12 , k 21 ), (2) target affinity (k on , k off ), (3) target abundance or density, and (4) target turnover (k syn , k deg ) and target internalization kinetics (k int ).
Although simplified TMDD models have been developed including the quasi-steady state, quasi-equilibrium, and Michaelis-Menten models (33, 35) , those abbreviated models are limited in their power to test for sensitivity or perturbation of certain systems parameters For example, in the full TMDD, sensitivity analysis can be performed to correlate in vivo potency conditional on changes in in vitro parameters such as k on , k off , k int , and k syn /k deg which are often measured (or can be mined from the literature) in the preclinical setting. When efficacy data are linked to a full TMDD model in an integrated PKPD model, such sensitivity analysis could be performed for a range of mAbs differing in in vitro characteristics. This approach can be used to aid in compound selection at an early stage. Agoram et. al. (9) , for example, performed a sensitivity analysis from a TMDD model for an anti-IgE mAb program and determined that the therapeutic dose of the candidate mAb could be reduced by half when its affinity was increased five to tenfold higher than the competitor already on the market. In addition, it was determined that a further increase in affinity would not result in improved efficacy, thus, avoiding the need for affinity maturation. Such sensitivity analysis would also be feasible for quasi TMDD models on the basis of K d affinity values but not specifically for k on and k off values. However, sensitivity analyses of this type would not be feasible for empirical models, especially the Michaelis-Menten model, which does not allow straightforward integration of the in vitro parameters. A successful implementation of a full TMDD model can be seen in our recent work (36) which showed how experimentally measured values of k on , k off , k int , and k deg could be directly incorporated (fixed) in the TMDD model (37) .
INFLUENCE OF TARGET DENSITY
In the preclinical setting, investment in understanding the target density (i.e., target abundance), especially its differences between animals and humans can be invaluable during the translational pharmacology phase. From the construct of the TMDD model, simulations showed that target concentration can significantly influence the PK profile of the mAb. Figure 3 shows the sensitivity analysis of the effect of target concentration on the PK profile of a typical antibody exhibiting TMDD. Clearly, the influence of TMDD on the total clearance of the compound can be significant, with terminal half-lives decreasing with increasing target level. This simulation was carried out using the parameters obtained from our work with anti-ALK1 mAb (37) using a dose of 2 mg/kg and the following model parameters: V C 0 0.103 L, k el 00.135 day , k int 04.10 day −1 , and k deg 05.36 day −1 . The impact of target density on the PK profile of the therapeutic mAb should lead one to carefully consider dosing regimen in order to ensure adequate safety margin for compounds going into the clinic. Alternatively, knowing the target expression differences between animals and humans allows us to translate this parameter when making human PKPD projection.
UNDERSTANDING IMMUNOGENICITY AND ANTIDRUG ANTIBODIES
Immunogenicity is often observed with mAbs and may have significant impacts on their safety, PK, and PD. Administration of mAbs, especially with repeated doses, could trigger the generation of antidrug antibodies (ADA) and cell-based immune responses (36) . Many factors affect the immunogenicity of mAbs. An important determinant is the degree of sequence and structure similarity of the therapeutic mAbs relative to the endogenous human IgGs (38) . mAbs of human origin are, in theory, more immunogenic in animals and less immunogenic in human. On the other hand, protein-based therapeutics are normally produced in nonhuman cell lines (e.g., Chinese hamster ovary, CHO, cells) and may have post-translational modifications of animal type instead of human type (39). Other factors include the level, frequency and route of administration, amount of aggregates in the drug product, and host genetic background and conditions (38) .
The occurrence of ADA in preclinical studies raises several potential risks in terms of PK, safety, and therapeutic efficacy (40) . First, the generated ADA could bind to the active site of the administered mAb and neutralize its intended therapeutic function. Second, the ADA could alter the PK of the compound. It has been shown that the formation of immune complexes between ADA and the administered mAb can change the biodistribution of mAb and lead to faster clearance (41, 42) . Lastly, circulating ADA could effectively compete with the binding of mAbs and interfere with analytical assays. Thus, in consideration of the impact of ADAs on the PK and its associated risks to safety and efficacy, evaluation of immunogenicity should be integral to the development of mAbs and its interpretation should be accounted for during the development of a PKPD model. From a modeling standpoint, models which simultaneously capture the therapeutic mAb and ADA concentrations are not readily available in the literature, thus indicating, an area of development for the field. Although we feel that this is an area of open progress, with the current lack knowledge in the translation between preclinical and clinical immunogenicity, some investigators feel that preclinical immunogenicity data should only be used to help interpret preclinical PK data rather to predict human immunogenicity.
ANALYTICAL CONSIDERATIONS
Understanding the PKPD of mAbs requires reliable bioanalytical methods to quantify drug and target levels. As discussed in the previous section, and shown in Fig. 3 , target levels can significantly alter the PK of a given mAb. One of the much discussed analytical issues for mAbs is the measurement of free versus total analyte and differentiating between the two is certainly required for proper implementation of M&S. In theory, different ligand binding assay (LBA) formats could be constructed to measure free or total analyte concentrations. In practice, however, there are many analytical challenges to accurately measure the free level using LBA (43, 44) . Knowledge of target localization could be taken into account to assess whether the assay is measuring the free or total mAb concentration. For example, if the target is cell membrane-bound and there is no soluble extracellular domain of target in circulation, the mAb concentration being measured could be interpreted as free concentration irrespective of assay format. However, many mAb targets are soluble, e.g., growth factors and cytokines, and membrane-bound receptors may shed soluble extracellular domain into circulation (45) . In these situations, it is important to develop an assay that uniquely captures the mAb; the development of such an assay should consider interference.
One consideration for determining free versus bound mAb is to develop an assay to measure the target level. However, directly measuring the free target levels has greater challenges. The free target levels measured by LBA in the presence of the administered mAb are usually an overestimation. The measurement of total target level could be also affected by the mAb present in the sample and lead to overor underestimation of target level (46) . Therefore, as with PK assays, this interference on the quantitation of target concentration should also be evaluated. To circumvent the analytical challenges of the free target concentration quantitation, many have attempted to use the data from total assays for both mAbs and their targets in a PK/PD system and to infer the free concentrations that are consistent with other observations (47) (48) (49) . In general, although understating the free mAb concentration is important, total concentration could be equally informative for M&S activities as long as the target level is also assessed in parallel.
TRANSLATIONAL PHARMACOLOGY
For mAbs, in addition to defining the PKPD relationship in the rodent AMD, PK and TK (toxicokinetic) studies are often conducted in nonhuman primates (NHP). Because the PK of mAbs is often translatable from NHP to human, such studies should be carefully designed to extract the most information for M&S as well as animal-to-human translation. It is important to consider, if feasible, simultaneously collecting PD readouts or potential biomarkers in NHP to build a complete PKPD package from the higher species since it has greater potential for translation to humans.
Although scaling PD biomarkers from NHP to humans might be challenging without prior validation, scaling the PK of mAbs has been reported to be successful. For example, for mAbs exhibiting linear PK, scaling based on an exponent of body weight is often sufficient to predict their clearance and volume of distribution in human (50) (51) (52) (53) . However, since many mAbs exhibit nonlinear PK, such direct scaling may be insufficient. As previously mentioned, one of the potential approaches was proposed by us for anti-ALK1 mAb when we built a model based on the construct of a full TMDD model to describe the PK in NHP and then used it to successfully predict the human PK based on scaling of the in vivo PK parameters and human-specific in vitro receptor kinetic systems parameters (37) . Thus, to account for nonlinear PK, the translation of the PK of mAbs needs to be done in a model-based approach rather than a simple scaling of clearance and volume.
MODEL-BASED SELECTION OF A SAFE BUT REASONABLE STARTING DOSE FOR THE FIH STUDY
Many reports have been published on the topic of FIH starting human dose selection for mAbs especially concerning MABEL for high-risk mAbs (54) (55) (56) . Our approach to MABEL calculation is to apply a model-based approach to the selection of the starting dose, integrating as much mechanistic information as possible from all phases of preclinical discovery and development. Any prior knowledge of clinical information such as PK, biomarker, and target kinetics would be valuable for human PKPD prediction in the translational pharmacology phase. In addition, it is sensible to focus on the pharmacology (i.e., pharmacological mechanism and associated data) rather than toxicological observations alone to determine the starting dose for the clinic. A good example of the PKPD modeling approach to guide the selection of the starting dosing can be found in (56) .
The steps for model-based MABEL determination of the starting human dose would include (1) determining the exposure-response relationships or, preferably, building PKPD models for all relevant "biological effect" variables; (2) determining if receptor occupancy (RO) is relevant to efficacy or biological effect and, if so, calculate the RO preferably using the predicted human PKPD model which accounts for target turnover kinetics; and (3) determining the human equivalent (HED) NoAEL (56) . The relevance of a biological effect variable should be decided based on the understanding of the pharmacological mechanism.
The proposed "MABEL table" (see Table 1 as an example) is a convenient and highly useful way to capture the range of possible starting human doses derived from quantitative/M&S approaches and may be included in the IND document as a rationale for the starting human dose selection for high-risk mAbs. The MABEL table ideally would list the relevant "biological effects" to be considered, which may include: (1) the primary efficacy endpoint evaluated in the AMD, (2) one or more in vivo biomarkers, (3) one or more in vitro biomarkers, and (4) the receptor occupancy, if relevant. The translatability of each of these efficacy variables should be carefully evaluated: the higher confidence in the translation the more valid is the rationale based on the MABEL approach.
Once the MABEL table is established, a logical next question has to do with which starting human dose to choose when a full range is listed in the table. For "high-risk biologics" (e.g., biologics that are strong agonists or modulators of the immune system), the regulatory agencies will likely prefer the most conservative (the lowest) dose from the MABEL table. However, the selection of a higher dose within the range can be justified with supporting rationale when the efficacy variable associated with the selected dose is mechanistically most relevant for predicting the "biological effect level." For mAbs that are not considered high-risk biologics, the MABEL approach is not required; however, it may still be useful to rationally select the starting human dose from a pharmacological standpoint relative to a toxicological standpoint. In this case, the higher end of the dose range can be more easily justified.
CONCLUSION
We present here an integrated, model-based framework for the successful preclinical development of mAbs. Early discovery, lead optimization, and first-in human stages, all are critically reliant on M&S activities including SB, SP, and TP. Modeling efforts provide increased target and systems understanding, describe and interpret data generated in vitro and in vivo, predict human PKPD, and inform a rationalized approach to designing the phase I study in terms of starting human dose selection. Those activities are essential for addressing the unique systems/PKPD properties of mAbs as they undergo optimization throughout the preclinical phases.
